Porcine circovirus-associated disease (PCVAD) is one of the most serious infectious diseases in pigs worldwide. The primary causative agent of PCVAD is porcine circovirus type 2 (PCV2), which can cause lymphoid depletion and immunosuppression in pigs. Our previous study demonstrated that Laiwu (LW) pigs, a Chinese indigenous pig breed, have stronger resistance to PCV2 infection than Yorkshire × Landrace (YL) pigs. In this study, we found that the YL pigs showed more severe lymphocyte apoptosis and higher viral load in the spleen tissue than LW pigs. To illustrate the differential gene expression between healthy and infected spleens, transcriptome profiling of spleen tissues from PCV2-infected and control YL pigs was compared by RNA sequencing. A total of 90 differentially expressed genes (DEGs) was identified, including CD207, RSAD2, OAS1, OAS2, MX2, ADRB3, CXCL13, CCR1, and ADRA2C, which were significantly enriched in gene ontology (GO) terms related to the defense response to virus and cell-cell signaling, and another nine DEGs, KLF11, HGF, PTGES3, MAP3K11, XDH, CYCS, ACTC1, HSPH1, and RYR2, which were enriched in GO terms related to regulation of cell proliferation or apoptosis. Among these DEGs, the CXCL13 gene, which can suppress lymphocyte apoptosis during PCV2 infection, was significantly down-regulated in response to PCV2 infection in YL but not in LW pigs. By analysis of the regulatory elements in the promoter and 3′-untranslated region (3′-UTR) of porcine CXCL13, we found that the single nucleotide polymorphism (SNP) −1014 G (LW) > A (YL) and the Sus scrofa microRNA-296-5p (ssc-miR-296-5p) participated in regulating CXCL13 expression during the response to PCV2 infection.
Introduction
Porcine circovirus type 2 (PCV2) is a virus containing a single-stranded circular DNA genome of only approximately 1.7 kb in size [1] . Currently, PCV2 strains can be separated into five genotypes, composed of three major genotypes, PCV2a, PCV2b, and PCV2d, and two lowprevalence genotypes, PCV2c and PCV2e [2] . Porcine circovirus-associated disease (PCVAD) or porcine circovirus disease (PCVD) caused by PCV2 typically affects weaning piglets of 5-12 weeks and is one of the most important porcine infectious diseases causing enormous economic losses to the swine industry worldwide [3] [4] [5] [6] .
The hallmark lesions of PCVAD/PCVD occur in lymphoid tissues [3] . PCV2-infected lymphoid tissues show atrophic or necrotizing lesions with deletion of lymphocytes, destruction of lymphoid follicles, and infiltration by large histiocytes and multinucleated giant cells [7] . Lesions are present in the lymph nodes (e.g. superficial inguinal, mesenteric, mediastinal, and submandibular lymph nodes), Peyer's patches, spleen, thymus, liver, kidney, and lung, resulting in immunosuppression in the pigs [8] . However, the mechanism by which PCV2 causes lymphoid depletion has yet to be identified definitively. Lymphoid depletion can be a direct consequence of viral replication or an indirect consequence of infection, for example due to cell apoptosis. Studies show that PCV2 infection can induce B-lymphocyte apoptosis in vivo and spleen lymphocyte apoptosis in vitro [9, 10] .
Genetic differences between individual pigs, strains, or breeds have been demonstrated to play an important role in susceptibility/resistance variation in response to PCV2 infection [11] [12] [13] [14] [15] [16] . In 2005, Meerts et al. first reported that the nuclear localization of PCV2 antigens varied significantly between pulmonary alveolar macrophages (PAMs) derived from different individual piglets [13] . Subsequent studies by Opriessnig et al. found that Landrace pigs had more severe clinical symptoms or PCV2-associated microscopic lesions than Duroc, Yorkshire, and Pietrain pigs [14, 15] . Under field conditions, different genetic boar lines could affect the expression of postweaning multisystemic wasting syndrome (PMWS) in their offspring [12] . Our previous study also showed that Laiwu (LW) pigs, a Chinese indigenous pig breed from Shandong province, had less severe symptoms and lower levels of viral load than Yorkshire × Landrace (YL) pigs when they were experimentally challenged with PCV2 strain PCV2-SD, which was isolated from suspected PMWS pigs in Shandong province and belonged to genotype PCV2b [11, 16] .
In the present study, we first compared the spleen lesions and viral load at 35 days post-infection (dpi) between LW and YL pigs, and then screened the differentially expressed genes (DEGs) in the spleens of PCV2-and mock-infected YL pigs by RNA sequencing (RNA-seq). The results indicated that LW pigs had less lymphocyte apoptosis and viral load than YL pigs, which might be associated with the different expression pattern of the CXCL13 (chemokine CXC ligand 13) gene between LW and YL pigs after PCV2 infection. Subsequently, we analyzed the regulatory elements in the promoter and 3′-untranslated region (3′-UTR) of porcine CXCL13 and found a single nucleotide polymorphism (SNP) −1014 G (LW) > A (YL) in the promoter region and Sus scrofa microRNA-296-5p (ssc-miR-296-5p) that were likely responsible for the different expression patterns of porcine CXCL13 gene.
Materials and methods

Experimental challenge with PCV2 and sample collection
Fifteen 6-week-old (on average) piglets of purebred LW pigs and crossbred YL pigs, which were both antigen and antibody seronegative for porcine circovirus type 1 (PCV1), PCV2, porcine reproductive and respiratory syndrome virus (PRRSV), and porcine parvovirus (PPV), were selected for experimental challenge as described previously [11] . All pigs were raised under the same conditions and randomly assigned into four groups: PCV2-infected LW pigs (LW-i, n = 10), PCV2-uninfected LW pigs (LW-u, n = 5), PCV2-infected YL pigs (YL-i, n = 10), and PCV2-uninfected YL pigs (YL-u, n = 5). The PCV2-SD used in this challenge experiment was isolated from suspected PMWS pigs in Shandong province and belongs to the genotype PCV2b [16] . Pigs from LW-i and YL-i groups were intramuscularly infected with 3 mL PCV2-SD solution (10 3.8 TCID 50 (50% tissue culture infective dose)/mL). Pigs from LW-u and YL-u groups were challenged with the same volume of phosphate-buffered saline (PBS). The clinical signs were monitored and recorded every day. Serious clinical symptoms associated with PMWS were observed in PCV2-infected YL pigs, but not in PCV2-infected LW pigs [11] . Each pig in this experiment was sacrificed at 35 dpi. Tissue samples were collected and frozen in liquid nitrogen or fixed by immersion in 10% neutral-buffered formalin.
Hematoxylin-eosin (HE) and terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) staining
Spleen tissues preserved in formalin were embedded in paraffin and sliced at 5 μm thickness. The pathological changes of splenic tissues were observed by HE staining, and were inspected by light microscopy. DNA damage was detected by TUNEL assay using TransDetect ® In Situ Fluorescein TUNEL Cell Apoptosis Detection Kit following the manufacturer's protocol (Trans Gen Biotech, Beijing, China), and was visualized by a Fluorescence Inversion Microscope System (NIKON, Japan).
Quantification of PCV2 DNA
To determine the viral load in the spleens of PCV2-infected LW and YL pigs, the PCV2 genome was extracted from 1 g spleen tissues of these pigs (n = 4 per group) with TIANamp Virus DNA/RNA Kit (Tiangen, Beijing, China). The same samples were also used in the following RT-qPCR analysis. The copy numbers of PCV2 DNA in spleen tissues were quantified by absolute quantitative PCR (qPCR) using the following primers: PCV2-F: 5′-GGG CTC CAG TGC TGT TAT TC-3′, PCV2-R: 5′-AAG TAG CGG GAG TGG TAG GA-3′) [17] and the nucleotide sequence of them were completely aligned to ORF2 gene of PCV2-SD. A 129 bp was amplified by PCR and cloned into a pMD-18T vector (TaKaRa, Dalian, China). The resultant pMD-18T-PCV2 plasmid was served as a standard DNA template to optimize the assay conditions. The viral load of PCV2 in porcine spleen was analyzed by qPCR with the following conditions: 95 °C for 30 s, 95 °C for 5 s, 55 °C for 30 s and 72 °C for 12 s for 40 cycles. The baseline adjustment method in the Mx3000p software (Stratagene, La Jolla, CA, USA) was used to determine the Ct value. The PCV2 DNA copies of the samples were measured by a linear formula that is established according to the standard curve using the tenfold serial dilutions of the pMD-18T-PCV2 plasmid. All samples were amplified in triplicate.
RNA-seq
Total RNA was extracted from six spleen samples (samples selected from three mock-infected YL pigs and three PCV2-infected ones) using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), following the manufacturer's protocol. RNA integrity was evaluated by agarose gel electrophoresis, and RNA concentration and purity were measured by a BioPhotometer plus (Eppendorf, Hamburg, Germany). Total RNA which satisfied the quality for RNA sequencing was delivered to the Biomarker Technologies Corporation (Beijing, China) for cDNA library construction and sequencing. RNA-seq libraries were constructed by NEBNext ® mRNA Library Prep Master Mix Set for Illumina and NEBNext ® Multiplex Oligos for Illumina (New England Biolabs, Ipswich, MA, USA), and all the procedures and standards were performed according to the protocols for the Illumina HiSeq 2500.
Analysis of RNA-seq data
The clean reads that were filtered from the raw reads were mapped to the Sus scrofa genome (Sscrofa 10.2) from the National Center for Biotechnology Information (NCBI) by Tophat software. The gene expression abundance of the six samples was calculated by FPKM (fragments per kilobase of exon per million fragments mapped) values through Cufflinks software [18] .
Pairwise correlation was used to estimate the individual variation in the spleen samples. In mock-or PCV2-infected YL pigs, one sample's R-squared value (R 2 : square of Pearson correlation coefficient) was different from the other two (ranging from 0.8324 to 0.9029; Additional file 1), therefore, was excluded for further DEG analysis. Two samples with high R 2 values (ranging from 0.9706 to 0.9862) from mock-and PCV2-infected YL pigs were selected for the assessment of the differential expression of mRNA through DESeq [19] . The P values were adjusted by the Benjamini-Hochberg method [20] , and the false discovery rate (FDR) was obtained. Here, an FDR < 0.05 and absolute value of fold change > 1.5 were set as the threshold for the identification of DEGs.
To determine the functional annotation, all the DEGs were sorted by the enrichment of GO categories in DAVID [21] . The KEGG (Kyoto Encyclopedia of Genes and Genomes) database was used for the pathway enrichment analysis of the DEGs [22] .
Reverse transcription-quantitative PCR (RT-qPCR) analysis
Validation of differentially expressed mRNA and predicted microRNA (miRNA) was performed by RT-qPCR. Spleen tissues from 16 pigs (four groups with n = 4 per group), including the six samples used in RNA-seq, were used as substrates for the RT-qPCR, which was conducted on an Mx3000p
™ instrument (Stratagene). To measure the expression level of the mRNA, RNA samples were reverse transcribed to cDNA using the PrimeScript ™ RT Reagent Kit with gDNA Eraser (TaKaRa) according to the manufacturer's instructions. RT-qPCR was performed to detect whether or not a difference in expression patterns of the candidate DEGs existed between LW and YL pigs. Primers for the genes were designed by DNAMAN (version 7.0.2; Lynnon Biosoft, San Ramon, USA). Sus scrofa hypoxanthine phosphoribosyl transferase 1 (HPRT1) was selected as the endogenous control [23] ; all the primer sequences are listed in Additional file 2. The reactions contained 1 μL of cDNA, 7.5 µL of 2 × SYBR Premix Ex Taq (TaKaRa), 0.3 µL of each forward and reverse primer (10 µM), 0.3 µL of 50 × Rox Reference Dye II, and 5.6 µL of sterile distilled water. A twofold dilution series of cDNA (from a pool consisting of 16 samples) was implemented to generate standard curves for each assay and determine the amplification efficiency. Samples were amplified in four biological replicates (nested with three technical replicates) as follows: 1 cycle at 95 °C for 30 s; 40 cycles at 95 °C for 5 s, annealing temperature (Additional file 2) for 30 s, and 72 °C for 20 s. Dissociation curves were performed at the end of amplification to ensure single amplicons.
To measure the expression level of the miRNA, cDNA was reverse transcribed from total RNA using a Mir-X ™ miRNA First-Strand Synthesis Kit (TaKaRa), following the manufacturer's instruction manual, and then used for the quantification of the miRNA. 5S rRNA was used as the internal control as shown in Additional file 2 [16] . The reaction system included 0.6 μL of forward primer (10 μM, Additional file 2), 0.6 μL of mRQ 3′ primer (10 μM; TaKaRa), 10 μL of 2 × SYBR Premix Ex Taq II, 0.4 μL of 50 × ROX reference dye II, 1.5 μL of cDNA, and 6.9 μL of sterile distilled H 2 O. The two-step RT-qPCR program was as follows: 95 °C for 30 s; 40 cycles at 95 °C for 5 s, 60 °C for 40 s; followed by dissociation curves for rising the temperature from 62 to 95 °C.
The 2 −ΔΔCt method was used to calculate the relative expression levels of each mRNA and miRNA. Each sample was replicated three times.
Western blotting
Protein from the sixteen samples (four groups with n = 4 per group) used in RT-qPCR was extracted from spleens with Cell Lysis Buffer for Western & IP (Beyotime, Shanghai, China) and used for expression analysis by Western blotting. Protein concentration was measured with a BCA kit (Beyotime). A 75 μg aliquot of each protein sample was loaded and then separated in SDS-PAGE 10% gels (Fdbio science, Hangzhou, China), and transferred to polyvinylidene fluoride membranes (Solarbio, Beijing, China). After blocking for 2 h at room temperature in Western Blocking Buffer (Beyotime), the membranes were incubated overnight at 4 °C with rabbit polyclonal antibody against CXCL13 (1:100 dilution; GenScript, Nanjing, China) or mouse anti-GAPDH monoclonal antibody (1:1000 dilution; Beyotime). The membranes were washed with PBS containing 0.05% Tween-20 (PBST) and incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit or anti-mouse IgG (1:1000 dilution; Beyotime) at room temperature for 2 h. The resulting signals were visualized using FDbio-Dura ECL solution A and FDbio-Femto ECL solution B (Fdbio Science), collected by Fusion FX system (Vilber Lourmat, Marne-la-Vallée, France), and measured with ImageJ software [24] .
Flow cytometry
To further clarify the correlation between CXCL13 and lymphopenia, mouse splenocytes were used as a model for exploring the function of the CXCL13 protein. Splenocytes were isolated from spleens of 5-to 8-week-old mice of the Kunming breed using a mouse spleen lymphocyte isolation kit (TBD, Tianjin, China), as described in the manufacturer's protocol. Splenocytes were seeded at a density of 1 × 10 6 cells per well into a 12 well cell culture plate (Corning, NY, USA) and infected with PCV2 at a multiplicity of infection (MOI) of 0.1 TCID 50 in two PCV2-infected groups. As PCV2 was propagated in PK15 cell, the control group was treated with equivalent PK15 cell lysate, and incubated at 37 °C with 5% CO 2 for 1 h. Subsequently, the medium was replaced by RPMI-1640 (Gibco, Grand Island, NY, USA) with 2% fetal bovine serum (FBS; Biological Industries, Kibbutz Beit Haemek, Israel). Murine CXCL13 protein (Pepro Tech, Rocky Hill, NJ, USA) was added in one of PCV2-treated groups at 1 μg/mL, and the other two groups were treated with RPMI-1640 with 2% FBS (without CXCL13 protein); this time point was regarded as 0 hour post-infection (hpi). The apoptosis rate of the splenocytes was measured by flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) using a FITC Annexin V Apoptosis Detection Kit (BD) at 2, 4, 8, 16, and 24 hpi.
Construction of various recombinant plasmids
To determine whether CXCL13 is regulated at the transcriptional or/and post-transcriptional level, various recombinant plasmids were constructed, covering the 5′-and 3′-regulatory region of CXCL13. Firstly, for the study of the 5′-regulatory region of CXCL13, primers (CXCL13-F1/R1; Additional file 2) were designed to amplify a 3486 bp DNA fragment according to the genomic sequence of the porcine CXCL13 gene in the NCBI database, containing 3407 bp of the promoter region and 79 bp of the 5′-untranslated region (5′-UTR) of CXCL13 from LW and YL pigs. The PCR was conducted in a 25 μL volume containing 8.25 μL of H 2 O, 12.5 μL of 2 × PrimeSTAR GC Buffer (Mg 2+ Plus), 2 μL of dNTP mixture (2.5 mM), 0.5 μL each of the primers (10 μM), 0.25 μL of PrimeSTAR HS DNA Polymerase (5 U/μL; TaKaRa), and 1 μL of porcine genomic DNA, using the following PCR amplification program: 94 °C for 5 min; then 35 cycles of 98 °C for 10 s, 65 °C for 15 s, and 72 °C for 3.5 min; followed by 72 °C for 7 min. PCR products were purified using a Gel Extraction Kit (CWBIO, Beijing, China), and then digested simultaneously by XhoI and HindIII (Thermo Fisher Scientific, Waltham, MA, USA). The products were purified once more, ligated into the pGL3-Basic vector (Promega, Madison, WI, USA), and sequenced. The recombinant plasmids were named pGL3-CXCL13LW and pGL3-CXCL13YL.
Based on the promoter sequence from YL pigs, variable-length DNA fragments were amplified by different forward primers (CXCL13-F2 to CXCL13-F6; Additional file 2) and CXCL13-R to construct serial deletion promoter reporters, which were named pGL3-CXCL13(−2666/+ 79), pGL3-CXCL13(−2205/+ 79), pGL3-CXCL13(−1532/+ 79), pGL3-CXCL13(−1089/+ 79), and pGL3-CXCL13(−589/+ 79), respectively.
The promoter sequences of CXCL13 from LW and YL pigs were aligned using DNAMAN software to search for SNPs in the pivotal segment. To assess the effect of these on the transcriptional activity of the promoter, pGL3-CXCL13YL plasmid was used as a template to design primers (Additional file 2) for site-directed mutagenesis. In other words, individually, the SNPs in the promoter of YL pigs were mutated into those of LW pigs at the same site. PCR amplification was executed in a 25 μL volume, including 2 μL of dNTP mixture (2.5 mM), 0.5 μL of each forward and reverse primer (10 μM), 5 μL of 5× PrimeS-TAR GXL Buffer (Mg 2+ plus), 0.5 μL of PrimeSTAR GXL (1.25 U/μL; TaKaRa), 20 ng of pGL3-CXCL13YL plasmid, with the volume made up with H 2 O. The PCR program was as follows: 94 °C for 5 min; 18 cycles of 98 °C for 10 s, annealing temperature (Additional file 2) for 15 s, and 72 °C for 8.5 min; followed by 72 °C for 10 min. The products were treated with 1 μL DpnI (Thermo Fisher Scientific), then reproduced in DH5α (Tiangen), and sequenced. The constructs obtained were named as pGL3-(−3065T), pGL3-(−2991G), pGL3-(−2473G), pGL3-(−1757C), pGL3-(−1014G), pGL3-(−712T), pGL3-(−604C), and pGL3-(−474G).
Secondly, to investigate whether or not CXCL13 was regulated at the post-transcriptional level, RegRNA 2.0 online software [25] was used to predict that sscmiR-296-5p probably targets the 3′-UTR of CXCL13. A recombinant firefly luciferase reporter vector with the CXCL13 3′-UTR was constructed. Gene-specific primers (3′UTR-F/R; Additional file 2) with the restriction site for XbaI introduced to the 5′ end were designed according to the wild-type 3′-UTR of the CXCL13 mRNA sequence. The full-length sequence of the 3′-UTR was amplified by PCR, followed by purification. The purified products of the 3′-UTR and pGL3-Promoter vector (Promega) were digested by restriction enzyme XbaI (Thermo Fisher Scientific) and then purified again for the following ligation. The recombinant plasmid was sequenced and named 3′UTR-wt. Primers for site-directed mutagenesis (3′UTR-mut-F/R; Additional file 2) were designed according to the sequence of 3′UTR-wt, and the sscmiR-296-5p target-site in CXCL13 3′-UTR was mutated using PrimeSTAR GXL (TaKaRa) and DpnI (Thermo Fisher Scientific). The plasmid obtained was named 3′UTR-mut.
Cell culture, transfection, and virus infection
PK15 cells were seeded at a density of 1 × 10 5 cells per well in a 24-well plate and cultured in Dulbecco's Modified Eagle Medium (DMEM; Gibco) with 10% FBS at 37 °C with 5% CO 2 .
To study the changes of transcriptional activity of CXCL13 promoter reporters in PK15 cells with or without PCV2 infection, 750 ng reporter construct (pGL3-CXCL13LW, pGL3-CXCL13YL, pGL3-CXCL13(−2666/+ 79), pGL3-CXCL13(−2205/+ 79), pGL3-CXCL13(−1532/+ 79), pGL3-CXCL13(−1089/+ 79), pGL3-CXCL13(−589/+ 79), pGL3-(−3065T), pGL3-(−2991G), pGL3-(−2473G), pGL3-(−1757C), pGL3-(−1014G), pGL3-(−712T), pGL3-(−604C), and pGL3-(−474G)) or pGL3-Basic, and 18.75 ng pGL4.74 vector (as an internal reference) were used to cotransfect cells using Lipofectamine ® LTX and Plus ™ Reagent (Invitrogen), following the manufacturer's protocol. They were assigned to three groups: non-treated, PCV2-infected, and PCV2-uninfected groups. The supernatant of non-treated groups was replaced by DMEM with 10% FBS at 6 h after transient transfection. PCV2-infected groups were inoculated with PCV2 at an MOI of 0.1 TCID 50 and PCV2-uninfected groups were inoculated with equivalent cell lysate of PK15 at 6 h after transient transfection. The supernatant of these groups was replaced by DMEM with 2% FBS after an hour of incubation.
To evaluate the interaction between CXCL13 and sscmiR-296-5p, PK15 cells were co-transfected with 750 ng reporter construct (pGL3-Promoter, 3′UTR-wt, or 3′UTR-mut), and 18.75 ng pGL4.74 vector, and synthetic ssc-miR-296-5p inhibitor or inhibitor negative control at a final oligonucleotide concentration of 800 nM. The supernatant was replaced by DMEM with 10% FBS at 6 h after transient transfection.
Luciferase reporter assay
PK15 cells transfected with different plasmids were collected at scheduled times for luciferase assays using the Dual-Luciferase Reporter Assay System, according to the manufacturer's instruction manual (Promega). A Modulus single-tube multimode reader (Turner BioSystems, CA, USA) was used to analyze the relative luciferase expression values.
Polymorphism analysis
The genotyping of polymorphic loci was performed in Duroc, Landrace, Yorkshire, LW, and DPL pigs. The DNA segment that covered the SNP was amplified in a 25 μL volume by PCR, containing 12.5 μL of 2 × Taq Master Mix (Novoprotein, Shanghai, China), 0.5 μL of each forward and reverse primer (10 μM; −1014SNP-F/R; Additional file 2), 1 μL of genomic DNA, and 10.5 μL of H 2 O. The PCR program was as follows: 94 °C for 1.5 min; 35 cycles of 98 °C for 20 s, 54 °C for 20 s, and 72 °C for 1 min 12 s; followed by 72 °C for 5 min. The PCR products were sent to BioSune (Jinan, China) for sequencing to determine the genotype of each individual.
Statistical analysis
All the data in this study are presented as the mean ± standard error (SE). The differences among the groups were evaluated by one-way ANOVA and Duncan's test using SPSS software version 17.0 (SPSS Inc., Chicago, IL, USA), and considered statistically significant at P < 0.05.
Results
Different pathological manifestations in spleen tissues of PCV2-infected YL and LW pigs
In YL pigs, which are more susceptible to PCV2 infection, overt lymphocyte depletion was observed in HE-stained histopathological slides of spleens from PCV2-infected YL pigs compared with mock-infected ones ( Figures 1C and D) , while in LW pigs, the number of lymphocytes was only slightly decreased after PCV2 infection ( Figures 1A and B) . TUNEL staining also revealed an apparent increase in the number of apoptotic lymphocytes in PCV2-infected YL pigs compared to controls ( Figures 2C and D) , while there were no obvious changes in LW pigs (Figures 2A and B) .
Quantification of PCV2 DNA in spleen tissues
The PCV2 DNA copies in porcine spleen tissues were calculated with the obtained linear formula (Ct = −3.242 × log (copy number) + 38.544) through the standard curve. As shown in Figure 3 , the mean copy number of PCV2 genomic DNA in spleen tissues from PCV2-infected YL pigs was approximately 100 times higher than that from PCV2-infected LW pigs (P < 0.001).
Overview of RNA-seq on the spleen tissues of YL pigs
RNA-seq on six spleen tissue samples from YL pigs generated 141 674 557 paired-end reads. The sequencing quality represented by Q30 percentage was higher than 90%. After filtering low-quality reads, 76.01-76.73% clean reads were mapped to the pig reference genome, of which 94.4-94.71% were uniquely mapped and 48.71-51.99% were perfectly matched (Additional file 3). The sequenced reads were submitted to the NCBI Gene Expression Omnibus (GEO) database under accession number [GSE112152] [26] .
Functional annotation and classification of DEGs obtained from spleen tissues of YL pigs
Ninety DEGs were identified in spleen tissues between mock-and PCV2-infected YL pigs, of which 57 were significantly up-regulated and 33 were significantly downregulated according to the criteria of fold change > 1.5 and FDR < 0.05. The expression profiles of DEGs between mock-and PCV2-infected YL pigs were then visualized as a heat-map (Additional file 4), and the information from this analysis is detailed in Additional file 5. The classification and biological functions of the DEGs were predicted using online software DAVID and KEGG. Functional annotation analysis using DAVID showed that 11 DEGs, comprising OAS1, OAS2, RYR2, GJA5, ADRB3, ADRA2C, CD207, RSAD2, MX2, CXCL13, and CCR1, were significantly enriched in two molecular function gene ontology (GO) terms and five biological process GO terms (Table 1) . Another 12 DEGs, comprising PDK4, KLF11, HGF, PTGES3, MAP3K11, XDH, CYCS, ACTC1, HSPH1, JCHAIN, TRIL, and SOCS5, were enriched in GO terms related to viral reproduction, cell proliferation or apoptosis, and immune system process, although these terms did not reach significant levels (Additional file 6). KEGG analysis showed that the DEGs were chiefly enriched in malaria, the adipocytokine signaling pathway, the PPAR signaling pathway, and glycine, serine, and threonine metabolism (Additional file 7).
Validation of twelve DEGs related to cell proliferation or apoptosis in LW and YL pigs
The expression pattern of 12 DEGs that are related to cell proliferation or apoptosis was validated by RT-qPCR ( Figure 4A and Table 2 ). Both RNA-seq and RT-qPCR revealed that OAS2, CYCS, CXCL13, ACTC1 and XDH were significantly up-or down-regulated in response to PCV2 infection in YL pigs (P < 0.05). The other genes, except SOCS5, all displayed a consistent, but not significant, change in YL pigs. However, the expression level of all the above DEGs showed no significant difference between PCV2-infected and mock-infected LW pigs. Furthermore, the protein expression of CXCL13 was detected by Western blotting, and the result showed a decrease in CXCL13 protein in the spleen tissues of YL pigs (P < 0.05) but not in LW pigs after PCV2 challenge ( Figure 4B ).
CXCL13 can suppress lymphocyte apoptosis during PCV2 infection
To determine whether the CXCL13 protein affects PCV2-induced apoptosis of spleen lymphocytes, the apoptotic rate of PCV2-infected murine splenocytes in the presence or absence of murine CXCL13 protein was measured using the annexin V and propidium iodide (PI) double-staining method by flow cytometry at 2, 4, 8, 16, and 24 hpi, and splenocytes treated with equivalent PK15 cell lysate served as a negative control. As demonstrated in Figure 5 , the apoptotic rate induced by PCV2 alone was significantly lower than that of the negative control at 2 and 4 hpi (P < 0.001 and P < 0.05), whereas it was significantly higher than the negative control at 8, 16, and 24 hpi (P < 0.05, P < 0.001, and P < 0.001), suggesting that PCV2 may activate endogenous antiapoptotic processes during the early stage of infection, but stimulate splenocytes apoptosis during the late stage of infection. However, when the PCV2-infected splenocytes were co-treated with CXCL13 protein, the apoptotic rate significantly declined compared with that of splenocytes infected with PCV2 alone at 2 and 16 hpi (P < 0.05 and P < 0.001). At other time points, the apoptotic rate of PCV2 and CXCL13 co-treated splenocytes was also lower than that of splenocytes infected with PCV2 alone, but not significantly (P > 0.05). These results indicate that the CXCL13 protein plays an important role in suppressing lymphocyte apoptosis during PCV2 infection. We suppose that the decline of CXCL13 expression in YL pigs after PCV2 infection is the cause of lymphocyte depletion and subsequently analyzed the regulatory mechanism of CXCL13 in pigs.
PCV2 infection can enhance the transcriptional activity of the CXCL13 promoter cloned from LW pigs but not YL pigs
To verify whether the polymorphism in the porcine CXCL13 promoter affects its transcription level, a 3486 bp fragment spanning the 5′-flanking region of CXCL13 (from −3407 to +79) was cloned from LW and YL pigs and used in a luciferase assay. As shown in Figure 6A , in the absence of PCV2, the promoter fragment of YL pigs (pGL3-CXCL13YL) showed significantly higher transcriptional activity than that of LW pigs (pGL3-CXCL13LW, P < 0.05). This in vitro result corresponds well to the in vivo result mentioned above (Figure 4A) , in which the mRNA expression of CXCL13 in the spleen tissue of mock-infected YL pigs is significantly higher than that of mock-infected LW pigs. After PCV2 infection, the activity of pGL3-CXCL13LW increased significantly from 12 to 36 hpi (P < 0.001 and P < 0.05) compared with that in mock-infected controls ( Figure 6B) ; however, the activity of pGL3-CXCL13YL was similar to that of the mock-infected controls, and even lower at 36 and 48 hpi ( Figure 6C ). These results indicated that, compared with YL pigs, the nucleotide differences in the CXCL13 promoter of LW pigs may enhance its transcriptional activity in response to PCV2 infection by altering the interaction between the cis-acting elements and the corresponding transcription factors.
Polymorphisms in the promoter region of porcine CXCL13
Critical promoter regions that regulate the transcriptional activity of the porcine CXCL13 gene were identified by a luciferase assay of serial 5′ deletion constructs. Deletions from −3407 bp to −2666 bp, −1089 bp to −589 bp, and −2205 bp to −1532 bp caused a pronounced reduction or increase in the luciferase activity, suggesting the existence of potential positive or negative transcription regulatory elements in these fragments ( Figure 6D ). Eight SNPs were found in these regions by alignment of sequences from LW and YL pigs: 
Effect of the −1014 G (LW) > A (YL) site on transcriptional activity of the CXCL13 promoter
To evaluate the effect of the SNPs on the promoter activity of CXCL13, the nucleotide at each SNP site in pGL3-CXCL13YL was mutated into the corresponding nucleotide in pGL3-CXCL13LW. The luciferase activity of pGL3-(−3065T), pGL3-(−2991G), pGL3-(−712T), and pGL3-(−604C) was significantly higher than that of pGL3-CXCL13YL (P < 0.001), whereas the luciferase activity of pGL3-(−2473G), pGL3-(−1757C), and pGL3-(−474G) showed no significant difference compared with that of pGL3-CXCL13YL. Notably, the construct pGL3-(−1014G) displayed significantly lower luciferase activity than pGL3-CXCL13YL, suggesting that the −1014 G (LW) > A (YL) site may be related to the differential expression of CXCL13 between mock-infected LW and YL pigs ( Figure 7B ). We then validated the role of each SNP on the transcriptional activity of the CXCL13 promoter in response to PCV2 infection. Compared with the mock-infected control, there was no significant change in the luciferase activity of pGL3-(−3065T), pGL3-(−712T), pGL3-(−604C), and pGL3-(−2991G) at each time point, except the 24 hpi sample of pGL3-(−2991G), at which time the luciferase activity increased remarkably compared with the mock-infected control (P < 0.001), as well as the 48 hpi of pGL3-(−604C), at which time point the luciferase activity declined significantly compared with the mockinfected control (P < 0.05) ( Figures 7C, D, F, and G) . Interestingly, consistent with the above observation that the luciferase activity of pGL3-CXCL13LW increased significantly in response to PCV2 infection ( Figure 6B ), the luciferase activity of pGL3-(−1014G) in PCV2-infected groups was always dramatically higher than that of mockinfected controls from 12 hpi to 48 hpi (P < 0.05; Figure 7E) , indicating that the G (LW) > A (YL) at site −1014 is crucial for the differential expression of CXCL13 between LW and YL pigs after PCV2 challenge.
Polymorphism of the −1014 G (LW) > A (YL) site among different pig breeds
The polymorphism of G > A at site −1014 was detected in five purebred pig populations, including three western breeds, Duroc, Landrace, and Yorkshire, and two Chinese indigenous breeds, LW and Dapulian (DPL). As shown in Table 3 , in LW and DPL populations, the allele G was predominant, and the homozygote GG existed in more than 95% of the samples; whereas the allele A was rare (about 2%) and appeared only in the heterozygous form (GA). Compared with Chinese breeds, the frequency of allele A was higher in all three western breeds, in which the homozygote AA was found to be present in more than 5% of the samples and the heterozygote GA became the relatively dominant genotype. Allelic and genotype frequencies of all five populations conformed to the HardyWeinberg equilibrium. Based on the above observation that the allele G played a positive role in stimulating the expression of the CXCL13 after PCV2 infection, we found that the distributions of alleles G and A in different pig breeds were consistent with the breeds' differences in resistance to PCV2.
CXCL13 is directly targeted by ssc-miR-296-5p
We further investigated whether there is any difference in the post-transcriptional regulation of CXCL13 between LW and YL pigs. According to the bioinformatic prediction of RegRNA 2.0, ssc-miR-296-5p was the only miRNA that targeted to the 3′-UTR of the porcine CXCL13 gene ( Figure 8A ). To verify the target relationship between ssc-miR-296-5p and CXCL13, the expression level of ssc-miR-296-5p in spleens was measured by RT-qPCR. Compared with mock-infected controls, the expression of ssc-miR-296-5p increased by 27% in the spleen tissues of PCV2-infected YL pigs, but merely increased by 8% in PCV2-infected LW pigs ( Table 4 ), demonstrating that the expression pattern of ssc-miR-296-5p was opposite to that of CXCL13 in mock-and PCV2-infected YL pigs. Subsequently, the luciferase assay was utilized to determine the target relationship between ssc-miR-296-5p and CXCL13 in PK15 cells. As there is a high constitutive expression of ssc-miR-296-5p in PK15 cells, we first showed that the expression of sscmiR-296-5p dramatically declined when the PK15 cells were transfected with ssc-miR-296-5p inhibitor (P < 0.01; Figure 8B ). Then, either the 3′UTR-wt construct, which harbors the wild-type 3′-UTR of CXCL13, or the 3′UTR-mut construct, which contains the mutant 3′-UTR of CXCL13 ( Figure 8A ), was used to transfect PK15 cells and the luciferase activity was analyzed. As expected, the luciferase activity of the 3′UTR-mut was significantly higher than that of the 3′UTR-wt (P < 0.001; Figure 8C ). Meanwhile, co-transfection of the 3′UTR-wt or 3′UTR-mut with the ssc-miR-296-5p inhibitor showed that the ssc-miR-296-5p inhibitor significantly elevated the luciferase activity of the 3′UTR-wt (P < 0.05), but not of the 3′UTR-mut. These results suggest that the expression of CXCL13 is also regulated by ssc-miR-296-5p at the posttranscriptional level, and ssc-miR-296-5p is likely to play a regulatory role in the differential expression of CXCL13 between LW and YL pigs after PCV2 infection.
Discussion
To date, evidence of breed-dependent differences in susceptibility to PCV2 has mainly come from the comparison of phenotypic differences after PCV2 infection, including the clinical evaluation, histologic examination, and quantification of PCV2 [12] [13] [14] [15] . However, few studies have been focused on the differential gene expression after PCV2 infection between pig breeds, especially between the lean-meat pig breeds and Chinese indigenous pig breeds. Our previous studies compared the experimental infection responses of LW and YL pigs to PCV2-SD, and found that LW pigs had less serious clinical symptom and lung lesions, as well as a lower viral load, than YL pigs, suggesting that the LW pigs had a stronger resistance or tolerance to PCV2 infection than YL pigs. Further comparison of the lung transcriptome of infected LW and YL pigs indicated that the higher expression of SERPINA1 may effectively inhibit the inflammation reaction and lessen pathological damage in the lung tissue of the PCV2-infected LW pigs [11] .
In addition to lung lesions, lymphoid depletion and histiocytic replacement in lymphoid tissues, which leads to immunosuppression in pigs, are also characteristic lesions of PCV2 infection and PCVAD [3, 27] . In the present study, we found, by both HE-and TUNEL staining of infected spleen tissues, obvious depletion of lymphocytes in the spleen sections of PCV2-infected YL pigs, but not in those of LW pigs. In accordance with this, the copy number of PCV2 DNA in the spleen tissues was significantly higher in PCV2-infected YL pigs than in PCV2-infected LW pigs. A previous study revealed that the expression of immune-related genes in inguinal lymph nodes, such as chemokine receptors (CCR2, CCR3, CCR5, CXCR3 and CXCR4), T and/or B cell development and/or activation related genes (TNFSF13B, IL-4R, CD27, CD45, CD71, CD81, CD82 and CD86) and cell apoptosis related genes (Bcl-x, Fas and Bcl-6), were up-regulated at low PCV2 load, but the up-regulated level tended to decrease or turned into down-regulation as the PCV2 load increased [28] . Once virus load reached the full capacity in host cells, PCV2 may manipulate the expression of apoptosis-related genes to facilitate cell death [29] . These reports were consistent with that a higher virus load was accompanied with higher lymphocyte depletion in the spleen tissue of PCV2-infected YL pigs, as is shown in this study.
To uncover host genes underlying lymphocyte depletion in spleen tissues that is caused by PCV2 infection, we compared differences in transcriptome of spleen tissues between mock-infected and PCV2-infected YL pigs and identified 90 DEGs. Transcriptome analysis on the spleen tissues of mock-infected and PCV2-infected LW pigs, which showed no obvious lesions, could definitely provide more information for the purpose of Figure 8 CXCL13 is a direct target of ssc-miR-296-5p. A Diagram of the predicted targeting site within the 3′-UTR of CXCL13 (3′UTR-wt). The mutated 3′-UTR (3′UTR-mut) contains mutated sequence that is not complementary to the seed sequence (CCG GGA G) of ssc-miR-296-5p. B Expression of ssc-miR-296-5p in PK15 cells at 24 h post-transfection with 800 nM inhibitor (inhi) or negative control (NC). C Luciferase activity of the constructs harboring the wild-type or mutant 3′-UTR of the CXCL13 gene in PK15 cells with 800 nM ssc-miR-296-5p inhibitor or negative control. Data are represented as the mean value ± SE of three experiments. *, **, and *** indicate significance at the P value threshold levels of 0.05, 0.01, and 0.001, respectively.
Table 4 Expression change of ssc-miR-296-5p in porcine spleens after PCV2 infection
The expression pattern of ssc-miR-296-5p was confirmed by RT-qPCR in LW and YL pigs. The 5S rRNA was used as an internal control. Data are represented as the mean value ± SE of three experiments.
Gene
LW-u LW-i Fold change (LW-i vs LW-u)
YL-u YL-i Fold change (YL-i vs YL-u)
Ssc-miR-296-5p 0.425 ± 0.083 0.461 ± 0.016 1.08 0.554 ± 0.092 0.705 ± 0.109 1.27 correlating gene expression and alterations in spleen, and could serve an additional control to study the effect of PCV2 in the spleen of YL pigs. We overcame this inadequacy by testing 12 of these DEGs by RT-qPCR in both mock-infected and PCV2-infected YL and LW pigs. We will further analyze transcriptomic differences on noninfected and PCV2-infected LW pigs and uncover differences between mock-infected and PCV2-infected YL and LW pigs. In this study, six spleen samples from three mockinfected and three PCV2-infected YL pigs (with obvious lymphocyte depletion), respectively, were used for RNA-seq. However, correlation analysis between samples revealed that the R 2 values between one sample and the other two in both non-infected and PCV2-infected groups was lower, which is due to individual variations. In bioinformatics analysis, only two samples with higher R 2 values in each group were selected to obtain more DEGs. Subsequently, the DEGs were validated with RTqPCR in spleen tissues from four pig groups, four individuals for each group: non-infected YL and LW groups and PCV2-infected YL and LW groups. For YL pigs, eight spleen samples including the six samples for RNA-seq were used; and for LW pigs, four spleen samples were sampled from mock-infected and PCV2-infected LW pigs, respectively. Among the 12 genes selected for validation, five genes including CXCL13 were significantly changed in YL pigs, while the expression of the other seven genes was not significantly changed, which is likely caused by individual variations.
The mechanism by which PCV2 causes lymphoid depletion has yet to be identified definitively. The controversy mainly lies in whether the lymphocyte depletion results from apoptosis or reduced proliferation. For this reason, we focused on the DEGs that take part in cell apoptosis or proliferation, as well as in the immune process. We finally chose CXCL13 as a candidate gene for further investigation, because it matched our filter criteria for DEGs, and most importantly, it was differentially expressed between PCV2-infected LW and YL pigs, both at the levels of mRNA and protein.
CXCL13, also known as B cell-attracting chemokine-1 (BCA-1) or B-lymphocyte-chemoattractant (BLC), is a member of the CXC chemokine family, which includes proteins that play important roles in the activation and recruitment of leukocytes [30, 31] . At present, most studies about the function of CXCL13 have been based on humans and mice, but few have been based on livestock. Under normal physiological conditions, CXCL13 is mainly produced by follicular dendritic cells (FDCs) in the germinal center (GC) of the secondary lymphoid organs [32] [33] [34] . CXCL13, coupled with its receptor CXCR5, is essential for the recruitment of B cells into the light zone of GC, where the B cells are selected to differentiate into memory B cells or to undergo apoptosis through interaction with GC T cells and FDCs [35, 36] . CXCL13 −/− mice have a severe but partial absence of peripheral lymphoid organs, as well as failure to form B-cell follicles [36] . By contrast, in inflammatory disorders, ectopic expression of CXCL13 leads to the local development of GC-like tissue in inflamed tissues [37] [38] [39] . While CXCL13 is crucial for B cell trafficking and GC formation, it has also been linked to the regulation of cell apoptosis. CXCL13 and CCL19 together can inhibit the TNFα-mediated apoptosis of the CD23 + CD5 + B cell lineage, which is the commonest malignant cell type in acute and chronic lymphocytic leukemia [40] . A recent in vitro study also illustrated that CXCL13 can significantly attenuate the degree of lipid-induced apoptosis in macrophages, primary monocytes, and vascular smooth muscle cells [41] . In the present study, using the mouse model, which has been widely accepted as an infection model for elucidating the interaction between PCV2 and host [42] , the anti-apoptotic role of the CXCL13 protein was evaluated in PCV2-infected splenocytes in vitro. As expected, the proportion of apoptotic splenocytes declined at every time point after the exogenous CXCL13 was added into the medium, and this anti-apoptotic effect was more pronounced at 4 and 16 hpi. This finding extended our understanding that CXCL13 could down-regulate the virus-induced apoptosis in spleen lymphocytes. Therefore, the stable expression of CXCL13 before and after PCV2 infection might be responsible for the minor lymphocyte apoptosis in PCV2-infected LW pigs. By contrast, the significant decline of CXCL13 after PCV2 infection is likely to have contributed to the severe lymphocyte apoptosis in PCV2-infected YL pigs.
The investigation on the molecular mechanism of the differential expression of CXCL13 between LW and YL pigs showed that the SNP −1014 G > A in the 5′ regulatory region of CXCL13 may serve as a functional DNA marker associated with PCV2 resistance. Then, we used MatInspector software to search for potential transcription binding sites in sequences harboring this SNP. The search revealed that the G nucleotide at the −1014 site created an extra binding site for two transcription factors, the nuclear factor of activated T-cells 5 (NFAT5) and the E-twenty-six (ETS) transcription factor (ELK1). NFAT5, also known as TonEBP or OREBP, is a member of the Rel family of transcription factors. Accumulating evidence indicates that, in addition to a pivotal role in protecting mammalian cells against hyperosmotic stress, NFAT5 also has a variety of other functions, especially in the stimulation of expression of multiple cytokines and immune receptors in leukocytes during physiological and pathophysiological processes
